Background: Intracellular signaling pathways involved in skeletal myosin heavy chain (MyHC) isoform alterations during heart failure (HF) are not completely understood. We tested the hypothesis that diaphragm expression of mitogen-activated protein kinases (MAPK) and myogenic regulatory factors is changed in rats with myocardial infarction (MI) induced HF. Methods: Six months after MI rats were subjected to transthoracic echocardiography. After euthanasia, infarcted rats were subdivided in MI/HF-group (with no HF evidence; n=10), and MI/HF+ (with right ventricular hypertrophy and lung congestion; n=10). Sham-operated rats were used as controls (n=10). MyHC isoforms were analyzed by electrophoresis. Statistical analysis: ANOVA and Pearson correlation. Results: MI/HF-had left cardiac chambers dilation with systolic and diastolic left ventricular dysfunction. Cardiac injury was more intense in MI/HF+ than MI/HF-. MyHC I isoform percentage was higher in MI/HF+ than MI/HF-, and IIb isoform lower in MI/HF+ than Sham. Left atrial diameter-to-body weight ratio positively correlated with MyHC I (p=0.005) and negatively correlated with MyHC IIb (p=0.02). TNF-α serum concentration positively correlated with MyHC I isoform. Total and phosphorylated ERK was lower in MI/ HF-and MI/HF+ than Sham. Phosphorylated JNK was lower in MI/HF-than Sham. JNK and p38 did not differ between groups. Expression of NF-κB and the myogenic regulatory factors MyoD, myogenin, and MRF4 was similar between groups. Conclusion: Diaphragm MyHC fast-to-slow shift is related to cardiac dysfunction severity and TNF-α serum levels in infarcted rats. Reduced ERK expression seems to participate in MyHC isoform changes. Myogenic regulatory factors and NF-κB do not modulate diaphragm MyHC distribution during chronic HF.
between the pulmonary outflow tract and the left atrium. The heart was then replaced in the thorax, the lungs inflated by positive pressure, and the thoracotomy closed. Sham-operated rats were used as controls (n=10). All animals were housed in a temperature controlled room at 23 °C and kept on a 12-hour light/ dark cycle. Food and water were supplied ad libitum.
Six months after inducing MI, rats were subjected to transthoracic echocardiography and euthanized the next day. At the time of euthanasia, we determined the presence or absence of congestive HF by assessing lung congestion (lung weight/body weight ratio > 2 standard deviations above Sham group mean) and right ventricular hypertrophy (right ventricle weight-to-body weight ratio greater than 0.8 mg/g) [34] [35] [36] . After euthanasia, the infarcted rats were subdivided in two groups: 1) MI/HF-rats with no evidence of HF (n=10), and 2) MI/HF+ rats with right ventricular hypertrophy and lung congestion (n=10).
Echocardiography
Echocardiographic evaluation was performed using a commercially available echocardiograph (General Electric Medical Systems, Vivid S6, Tirat Carmel, Israel) equipped with a 5-11.5 MHz multifrequency probe, as previously described [37] [38] [39] [40] . Rats were anesthetized by intramuscular injection of a mixture of ketamine (50 mg/kg) and xylazine (0.5 mg/kg). A two-dimensional parasternal short-axis view of the left ventricle (LV) was obtained at the level of the papillary muscles. M-mode tracings were obtained from short-axis views of the LV at or just below the tip of the mitral-valve leaflets, and at the level of the aortic valve and left atrium. M-mode images of the LV were printed on a black-and-white thermal printer (Sony UP-890MD) at a sweep speed of 100 mm/s. All LV structures were manually measured by the same observer. Values obtained were the mean of at least five cardiac cycles on M-mode tracings. The following structural variables were measured: left atrium diameter (LA), LV diastolic and systolic diameters (LVDD and LVSD, respectively), and LV diastolic posterior wall thickness (PWT). Left ventricular function was assessed by the following parameters: endocardial fractional shortening (FS), posterior wall shortening velocity (PWSV), early and late diastolic mitral inflow velocities (E and A waves), E/A ratio, and E-wave deceleration time (EDT).
Morphological analysis
At euthanasia, rats were weighed and anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg). Hearts were removed by thoracotomy and the atria and ventricles were separated and weighed. Right and left costal diaphragm portions were dissected, weighed, immediately frozen in liquid nitrogen, and stored at -80 °C.
Infarct size was measured by left ventricle histological analysis in hematoxylin and eosin stained sections according to a previously described method [34] . Infarct size was calculated by dividing the sum of endocardial and epicardial ventricular lengths of the infarcted area by the sum of the total endocardial and epicardial ventricular circumferences. Measurements were acquired from midventricular slices (5-6 mm from the apex), under the assumption that the left midventricular slice shows a close linear relation with the sum of the measurements from all heart slices.
Transverse sections approximately 8-10 μm thick of the frozen diaphragm muscle were cut in a cryostat at -20 °C and stained with hematoxylin and eosin. Muscle trophicity was assessed by measuring at least 200 cross-sectional fiber areas from each muscle. To evaluate diaphragm muscle fibers according to metabolism activity, sections were submitted to NADH-tetrazolium reductase (TR) reaction. Slides were incubated in NADH and nitro blue tetrazolium solution diluted in Tris buffer 0.2 M (pH 7.4), for 40 min at 37° C, washed in distillated water, and fixed in formol buffer 5% (pH 7.0). Sections were then submitted to dehydration and mounting protocol. Measurements were performed using a compound LEICA DM LS microscope attached to a computerized imaging analysis system (Media Cybernetics, Silver Spring, Maryland, USA).
Real time RT-PCR analysis
Total RNA was extracted from diaphragm muscle with TRIzol Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to a previously described method [41, 42] . Frozen muscles were mechanically homogenized on ice in 1 ml of ice-cold TRIzol reagent. Total RNA was solubilized in RNase-free H 2 ).
Myosin heavy chain (MyHC) isoforms
MyHC isoform analysis was performed in duplicate by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [29, 43] . Frozen samples of diaphragm muscle (100 mg) were mechanically homogenized on ice in 0.8 mL of protein extraction solution containing 50 mM phosphate potassium buffer (pH 7.0), 0.3 M sucrose, 0.5 mM dithiotreitol (DTT), 1 mM ethylenediaminetetracetic acid (EDTA), 0.3 mM phenylmetylsulphonyl fluoride (PMSF), 10 mM sodium fluoride, and protease inhibitor cocktail (Sigma, St. Louis, MO, USA). Homogenates were centrifuged at 12,000 g at 4 °C for 20 min to remove insoluble tissue. Total protein quantification was performed in supernatant aliquots by the Bradford method. Samples were then diluted to a final concentration of 1 µg of protein/µL in a solution containing 65 % (vol/vol) glycerol, 2.5 % (vol/vol) 2-mercaptoethanol, 1.15 % (wt/vol) SDS, and 0.45 % (wt/vol) Tris-HCl (pH 6.8). Small amounts of the diluted extracts (10 μL) were loaded onto a 7-10% SDS-PAGE separating gel with a 4 % stacking gel, run overnight (13 hours) at 275 V, and stained with Coomassie blue. Four MyHC isoforms, MyHC I, MyHC IIb, MyHC IId/IIx, and MyHC IIa were identified according to molecular mass and quantified by densitometry. Their relative quantity was expressed as a percentage of total myosin heavy chain.
Western blotting analysis
Diaphragm protein levels were analyzed by Western blot according to a previously described method [36, 44] , NF-κB (p65 NF-κB (sc-7151), p-NF-κB (Ser 536 p-p65 NF-κB sc-33020), IkB (IκB-α sc-1643), and p-IkB (p-IκB-α sc-101713) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein levels were normalized to GAPDH (6C5 sc-32233, Santa Cruz Biotechnology). Samples were separated on polyacrylamide gel and then transferred to a nitrocellulose membrane. After blockage, the membrane was incubated with the primary antibodies overnight at 4 °C. The membrane was then washed with PBS and Tween 20 and incubated with secondary peroxidase-conjugated antibodies for 90 minutes at room temperature. ECL Western Blotting Substrate (Pierce Protein Research Products, Rockford, USA) was used to detect bound antibodies. Membrane was then stripped (Restore Western Blot Stripping Buffer, Pierce Protein Research Products, Rockford, USA) to remove previous antibody. After blockage, membrane was incubated with anti-GAPDH antibody.
Circulating TNF-α and IL-6
As MRF expression and MAPK pathway can be modulated by cytokines, we assessed TNF-α and interleukin (IL)-6 serum concentration by enzyme linked immunosorbent assay (ELISA) using ELISA rat TNF-α ultra-sensitive and IL-6 kits (BioSource International, Camarillo, CA, USA). The procedures were performed according to manufacturer instructions.
Statistical analysis
Data are expressed as mean ± standard deviation. Comparisons between groups were performed by one-way analysis of variance (ANOVA) followed by the Tukey test. The Student's t-test was used to compare MI size between MI/HF-and MI/HF+ groups. Association between MyHC isoforms and left atrium diameterto-body weight ratio or TNF-α serum concentration was assessed by calculating the Pearson correlation coefficient. The level of significance was set at 5%.
Results

General characteristics of rats
Anatomical data are shown in Table 1 . Body weight (BW) did not differ between groups. Left ventricle weight (LVW) and LVW/BW ratio were higher in both MI groups than in the Sham group; there was no difference between MI/HF-and MI/HF+. Right ventricle weight (RVW), atria weight, and RVW/BW and atria/BW ratios were greater in the MI/ HF-and MI/HF+ groups than in Sham and greater in MI/HF+ than in MI/HF-. Lung weight and lung weight/BW ratio were higher in MI/HF+ than Sham and MI/HF-. Right ventricular hypertrophy and pulmonary congestion were observed in all rats from MI/HF+; no animal from MI/HF-or Sham presented these alterations.
Infarcted area did not differ between MI groups (MI/HF-: 39.5 ± 6.9 %; MI/HF+: 40.8 ± 12.5 % of the total left ventricle area; p= 0.79). Table 2 shows cardiac structural parameters and LV functional data. LV diastolic diameter (LVDD), LVDD/BW ratio, and left atrium diameter (LA) were higher in MI/HF-and MI/HF+ than Sham and greater in MI/HF+ than MI/HF-. LV systolic diameter (LVSD) was higher in both MI/HF-and MI/HF+ than Sham. LV diastolic posterior wall thickness was higher in MI/HF+ than Sham. LA/BW ratio was significantly higher in MI/HF+ than Sham and MI/HF-. Heart rate did not differ between groups. Endocardial fractional shortening and Table 1 . Body weight, heart weight, and pulmonary and systemic congestion data 
Echocardiographic evaluation
posterior wall shortening velocity were lower in MI groups than Sham and lower in MI/ HF+ than MI/HF-. Mitral A wave was lower and mitral E wave and E/A ratio higher in MI/ HF+ than Sham and MI/HF-. E wave deceleration time was lower in MI/HF+ than the other groups and higher in MI/HF-than Sham.
Morphological and biochemical analysis
General diaphragm muscle morphology was similar between groups. Diaphragm fiber cross-sectional areas were not statistically different between groups (Sham 1,354 ± 170; MI/HF-1,522 ± 397; MI/HF+ 1,477 ± 241 μm 2 ; p= 0.53). NADH-TR histochemical reaction allowed us to differentiate muscle fibers according to their predominant metabolism into oxidative or glycolitic fibers. There was no difference in oxidative or glycolitic fiber crosssectional areas between groups (p=0.48; Fig. 1 ).
Myosin heavy chain (MyHC) isoforms
The percentage of MyHC I was greater in MI/HF+ than MI/HF-(Sham 24.2 ± 6.8; MI/ HF-22.9 ± 2.6; MI/HF+ 33.1 ± 11.2 %; p=0.04; Fig. 2 ). Isoform IIb percentage was lower in MI/HF+ than Sham (Sham 22.9 ± 8.3; MI/HF-20.9 ± 9.9; MI/HF+ 11.5 ± 6.4 %; p=0.03). Fig. 3 ).
Western blotting and real time RT-PCR analysis
Myogenic regulatory factors gene and protein expression did not differ between groups (Table 3) Circulating TNF-α and IL-6 TNF-α and IL-6 serum concentrations were higher in MI/HF+ than Sham. Cytokine levels In MI/HF-were between those of Sham and MI/HF+ groups and did not differ from either group (Fig. 5) . TNF-α serum concentration positively correlated with MyHC I isoform percentage (p=0.032; Fig. 6 ). Pearson correlation between left atrium diameter-to-body weight ratio (LA/ BW) and myosin heavy chain (MyHC) isoform I (r=0.626; p=0.005) and IIb (r=-0.539; p=0.021). MI/HF-: myocardial infarction without heart failure; MI/HF+: myocardial infarction with heart failure; n: number of animals. Fig. 4 . Protein levels of mitogen-actived protein kinase analyzed by Western blotting. Protein levels were normalized to GAPDH levels. MI/ HF-: myocardial infarction without heart failure; MI/ HF+: myocardial infarction with heart failure; n: number of animals. Data are expressed as mean ± standard deviation; *p<0.05 vs Sham; Anova and Tukey. 
Discussion
In this study, we evaluated expression of mitogen-activated protein kinases and myogenic regulatory factors, myosin heavy chain isoforms, and muscle trophicity in the Lima et 
Experimental myocardial infarction has often been used for inducing HF. This model has the advantage of slow HF development, usually observed in clinical settings [34] . Cardiac remodeling was characterized by evaluating cardiac structures and left ventricular function by transthoracic echocardiography. The MI/HF-group had left cardiac chambers dilation with systolic and diastolic left ventricular dysfunction compared to the Sham group. Despite similar infarction size, left chamber dilation and left ventricular dysfunction were more intense in MI/HF+ than MI/HF-. Diastolic dysfunction was severe in MI/HF+, with a restrictive pattern, characterized by increased E/A ratio and reduced E wave deceleration time. As left atrium diameter highly correlates with left ventricular systolic and diastolic function in rats [34, 45] , left atrium diameter-to-body weight ratio was used as a severity marker for ventricular dysfunction. In MI/HF+, HF was characterized by right ventricular hypertrophy and lung congestion.
The diaphragm is the most important inspiratory muscle in mammals. In this study, diaphragm cross sectional area did not differ between groups for both oxidative and glycolytic fibers; this is in agreement with previous studies [9, 12] . Experimental studies have suggested that proinflammatory cytokine activation in HF, such as TNF-α and IL-6, can lead to skeletal muscle atrophy [46, 47] . However, as the diaphragm usually experiences increased work to expand congested lungs in HF, it is probable that these antagonistic factors have contributed to preserved muscle trophicity.
MI/HF+ presented increased MyHC isoform I percentage compared to MI/HF-, and reduced MyHC IIb isoform compared to Sham. The change in MyHC distribution towards a slower muscle phenotype has been attributed to the work overload the muscle is subjected to during HF [4, 9, 19] . In this study, we showed for the first time that an alteration in diaphragm MyHC isoforms is related to cardiac dysfunction severity. Considering results from the three groups, MyHC I isoform positively correlated and MyHC IIb negatively correlated with left atrium diameter-to-body weight ratio. Furthermore, MyHC I isoform positively correlated with TNF-α serum levels.
TNF-α modulates diaphragm strength and MyHC distribution [48, 49] . Increased TNF-α serum levels, induced by genetic manipulation or exogenous administration, change myofibril protein synthesis and reduce diaphragm strength [48, 49] . In contrast, TNF-α deletion in dystrophic mouse muscle improves diaphragm strength [50] .
We evaluated myogenic regulatory factors and the MAPKs and NF-κB pathways as potential intracellular signaling pathways involved in HF-induced diaphragm MyHC isoform changes. To the best of our knowledge, this is the first study to evaluate MAPK and NF-κB expression in diaphragm muscle during both phase compensated cardiac dysfunction and HF.
MAPKs are activated by several stimuli and are essential for many cellular functions [51] . The ERK 1/2 pathway, but not p38 or JNK, is preferentially activated in fast-twitch [20] . In our study, the decrease of ERK1/2 was also combined with reduced fast type IIb MyHC and increased slow type I MyHC isoform in MI/HF+. MAPKs expression in skeletal muscle under different experimental conditions is not completely understood. For instance, ERK 1/2 was stimulated in the diaphragm of rats subjected to increased inspiratory pressure [23] and in skeletal muscle cell culture submitted to hypoxia [52] . In contrast, ERK phosphorylation was decreased in skeletal muscle of rats with sepsis [53] . ERK 1/2 signalling has been associated with IGF-1-mediated protein synthesis in skeletal muscle [54] . Considering that growth hormone and IGF-1 signalling is blunted during HF [55, 56] , inhibited ERK signalling could be expected, as observed in this study. ERK inhibition may also have occurred due to dual specificity MAPK phosphatases (MKP) activity [51] . MKPs dephosphorylate and inactivate ERK, JNK, and p38, acting as endogenous controls of MAPKs [21, 51, 57] and MKPs, particularly MKP-1, seem to modulate MyHC expression in skeletal muscle [21] . MKPs can be activated by several factors found during cardiac remodeling and HF development, such as increased oxidative stress and cytokines levels [51] ; this could explain the reduced ERK levels in both infarcted groups. The reduced ERK expression in MI/HF-suggests that diaphragm molecular changes can occur early during the cardiac remodelling process, not just in decompensated HF. In fact, we have previously shown that MyHC isoform alterations occur early during chronic pressure overload in rat soleus muscle [31] .
Although decreased in both MI groups, phosphorylated JNK protein levels were only statistically lower in MI/HF-compared to Sham. As ERK, JNK phosphorylation can also be inhibited by MKPs [51] . However, as JNK activation is sustained by chronic TNF-α stimulation [58] , the increased TNF-α levels in MI/HF+ could have acted to preserve JNK in this group.
TNF-α induces IkB phosphorylation and degradation, allowing NF-κB to translocate to nucleus, decreasing MyoD expression and MyHC synthesis [30] . In this study, heart failure did not change NF-κB or IkB protein expression in diaphragm muscle, suggesting that this pathway is not involved in diaphragm myopathy.
Although there is substantial evidence that myogenic regulatory factors are changed in HF-induced skeletal myopathy [12, 29, 36] , our hypothesis that MRFs modulate MyHC isoforms distribution in diaphragm was not confirmed. Myogenin is frequently found in association with oxidative enzyme expression and seems to play a role in skeletal metabolism characterization [27, 28, 59] . In this study, despite a diaphragm muscle shift towards a slower pattern, myogenin expression was not changed, suggesting that it is not involved in MyHC isoform distribution. MRF4 is predominantly expressed in slow oxidative fibers and seems to play a role in regulating muscular trophism [60] . In our study, unchanged MRF expression is in accordance with preserved diaphragm cross sectional fiber area. In acute HF, MyoD mRNA was reduced in diaphragm muscle [12] . MyoD is usually increased during stem cell proliferation [61] , which is usually associated to muscle injury and regeneration [62] . Thus, the absence of diaphragm morphological changes could justify the preservation of MyoD expression in the infarcted rats.
In conclusion, the fast-to-slow shift in diaphragm myosin heavy chain isoforms is related to left ventricular dysfunction severity and TNF-α serum levels in rats with myocardial infarction. Reduced ERK expression seems to participate in the myosin heavy chain isoform change. Myogenic regulatory factors and NF-κB pathway do not modulate myosin heavy chain distribution in diaphragm muscle during chronic heart failure. Lima 
